The photoluminescence (PL) spectra of Ar + -ion irradiated single crystals of SrTiO3 (STO) excited by 325 nm line of a He-Cd laser are compared with those of pristine crystals, epitaxial films and amorphous layers of STO at several temperatures down to 20 K. The 550 eV Ar + -beam irradiation activates distinctly visible three PL peaks; blue (∼430 nm), green (∼550 nm), and infra-red (∼820 nm) at room temperature making the photoluminescence multi-colored. The abrupt changes in PL properties below ≈100 K are discussed in relation with the antiferrodistortive structural phase transition in SrTiO3 from cubic-to-tetragonal symmetry which makes it a direct bandgap semiconductor. The photoluminescence spectra are also tuned by electrostatic gate field in a field-effect transistor geometry. At 20 K, we observed a maximum increase of ∼20% in PL intensity under back gating of SrTiO3.
I. INTRODUCTION
Strontium titanate (SrTiO 3 ) is perhaps the most widely studied perovskite because of its unusual and technologically important properties, which also make it a promising material for the oxide-based electronics.
1-3 At ambient temperature SrTiO 3 (STO) is a cubic crystal (Pm3m) with an indirect band gap of 3.27 eV. A cubic-totetragonal structural phase transition at ≈105 K makes STO a direct bandgap semiconductor and a precipitous growth of dielectric function follows below this temperature. High quality single crystals of STO have been used as substrates for epitaxial growth of many other transition metal oxides. It is also an ideal material for gate dielectric in field effect transistors (FET) due to its large dielectric constant. [4] [5] [6] The properties of STO can be varied from insulating to semiconducting 7 , metallic 8 and even superconducting at low temperatures 9,10 on electron doping. Recently, it has been demonstrated that the interfaces of STO with perovskite oxides like LaAlO 3 and LaTiO 3 can stabilize a two dimensional electron gas (2DEG) with mobilities as high as ∼10 4 cm 2 /V s. 6, 11, 12 However, a 2DEG can also be formed on the surface of bare STO either by electrostatic gating or by Ar + -ion irradiation. 13 The later creates oxygen vacancies on the surface of STO, which make it metallic.
14, 15 Many groups have studied this surface electron gas and have reported its unique properties 16 , which include a large (≈300%) low temperature magnetoresistance 17 , electrostatic control of carrier concentration, persistent photoconductivity and its control by electrostatic gating.
18
In the context of optical properties, while the undoped stoichiometric single crystals of STO do not show any PL at room temperature, a broad greenish luminescence is seen near ≈10 K. The intensity of this emission decreases rapidly above 60 K and disappears all together beyond 110 K. [19] [20] [21] [22] The luminescence becomes pronounced when oxygen vacancies are incorporated in STO.
15,23-25 Kan et al. have noted that bombardment with 300 eV Ar + -ions induces blue (∼420 nm) PL in stoichiometric single crystals of STO at room temperature, which they attribute to emission from oxygen vacancies related defect states.
15
However, a recent experiment of Sung et al. on 100 keV Ar + -ion irradiated STO shows only a broad luminescence centered at ∼510 nm at room temperature. 23 Since the nature of defects may change with ion energy, ion type and their fluence, these results indicate much diverse nature of defect physics in this material. The PL emission is generally derived from localized electronic states within the forbidden gap created by atomic vacancies or impurities. 26, 27 The vacancies/defects present in Ar + -ion irradiated STO may not be of just single kind but in various different forms leading to far more abundant defect states. Indeed, the local density approximation (LDA) + Hubbard U study carried out recently on oxygen deficient STO predicts that linear vacancy clusters result in many localized in-gap states. 27 This suggests the possibility to activate several PL emissions simultaneously at room temperature in Ar + -ion irradiated STO. Moreover, it is expected that the nature and abundance of the surface states can be tuned by electrostatic gating to achieve multi-color optical devices. In view of these interesting predictions of the LDA+U theory, it is desirable to further explore the photoluminescence of Ar + -ion irradiated STO and its other forms over a broad range of temperatures to cover the direct to indirect optical gap regimes. Moreover, since the PL is a very sensitive and selective probe of defect/impurity states, studies of luminescence would improve our understanding of the persistent photoconductivity reported earlier in Ar + -ion irradiated STO.
18
Here we present a detailed study of photoluminescence of oxygen-deficient SrTiO 3 created by Ar + -ion irradiation over a broad range of temperature and compare it with our measurements of the PL in pristine crystals, epitaxial films and amorphous layers of the same material. While we did not observe any luminescence from the pristine STO at ambient temperature, the ion irradiation led to a multi-frequency emission. However, below ≃105 K the characteristic PL of the unperturbed STO below the irradiated layer emerges and grows into a broad peak centered at ≈500 nm. It is also shown that the photoluminescence spectrum can be modulated by electrostatic gating at low temperatures (<20 K) which may be potentially important for applications.
II. EXPERIMENTAL DETAILS
The stoichiometric single crystals of SrTiO 3 used in this study were acquired from Crystal GmbH Germany. The (001) surface of these 0. 5 18 The photoluminescence spectra were excited with the 325 nm line of a He-Cd laser, and measured using Jobin Yvon Triax-320 spectrometer. For measurements of the temperature dependence of PL spectra, the samples were mounted in a close cycle helium cryostat having a quartz window for optical access. The PL response was also modulated electrostatically by gating the irradiated surface in a back gate configuration.
III. RESULTS
In Fig. 1(a) , we show the room temperature photoluminescence spectrum of the (001) surface of Ar + -ion irradiated SrTiO 3 . In the same figure we have also shown the feature less PL response of a non-irradiated sample. The richness of the spectrum in the former case is a testimony of enhanced optical activity as a result of ion irradiation. The spectrum shows three distinct emission peaks centered at ∼430 nm, ∼550 nm and ∼820 nm, which on the energy scale correspond to ∼2.9 eV, ∼2.3 eV, and ∼1.5 eV, respectively. The blue luminescence (∼430 nm) observed in this study is essentially the same as that reported by Kan et al. in their 300 eV Ar + -ion irradiated STO.
15 But these authors did not observe the two additional peaks seen here which result in a multicolored photoluminescence at room temperature in these 550 eV Ar + -ion irradiated STO crystals. Since heavy ion irradiation can cause amorphization of the target surface, we have also studied the effects of post irradiation etching of STO on its photoluminescence characteristics. For this purpose two STO samples 3 × 5 mm 2 were irradiated together to avoid any discrepancy. After irradiation, one of the samples was chemi- cally etched in HF solution (NH 4 F : DI water : HF = 18.54 gm : 50 ml : 3.75 ml) for 30 seconds. For comparison, the room temperature PL spectra of the etched sample is also plotted in Fig. 1(a) . It is observed that the HF etching increases the integrated PL peak intensity by a factor of two keeping the position and shape of the peaks intact. The ion bombardment would create a large number of nanograins on the surface of the STO. 28 The SrO being very sensitive to HF attack, the etching process is likely to increase the amount of oxygenvacancy defects by dissolving the SrO on the lateral sides of these nanograins 28 thus raising the conduction band carrier density and hence the PL intensity. Figure 2 illustrates the changes in PL spectra of the irradiated and etched samples at various temperatures from 300 K down to 20 K. From panel (a), it can be seen that the intensity of all the PL peaks increases gradually on decreasing the temperature down to ∼100 K. A slight shift in the position of the blue peak towards higher wavelength can also be noticed on cooling. On further decreasing the temperature from 100 K down to 60 K, the green luminescence intensity increases dramatically, whereas, the blue luminescence appears to merge under the now much broader emission with its peak at green. A closer examination of these spectra further reveals the presence of another emission peaked at ∼390 nm [marked by an arrow in Fig 2(a) and Fig. 2(b) ] whose intensity increases on lowering the temperature. On reaching 20 K, an intense broad luminescence ranging from ∼370 nm to ∼850 nm along with this extra peak centered at ∼390 nm is clearly visible in the figure [panel (a) and (b) ]. Note that the later is not observed in stoichiometric non-irradiated STO [panel (c)]. The PL spectrum of un-etched (only irradiated) STO has also been collected at 20 K. The spectrum is shown in Fig. 1(b) along with that of the etched irradiated STO. One can see that there is no effect of etching on the greenish broad band luminescence, however, as clear from the inset of Fig. 1(b) , it increases the 390 nm PL peak intensity by a factor of two. Note that the amorphous film shows a broad featureless emission profile whereas the PL spectra of oxygen deficient film behave similar to that of Ar + -irradiated STO.
We now turn our attention to the possible sources of the rich spectrum, whether it is oxygen deficient layer or the top amorphous layer. Towards this end, we have examined the PL properties of oxygen deficient epitaxial thin films as well as amorphous films of STO. These 100 nm thick films were grown on STO (001) substrates by pulsed laser ablation of a bulk target of SrTiO 3 . The oxygen deficient film was deposited under reduced oxygen environment (6.3 × 10 −6 mbar) at 800 0 C substrate temperature. The epitaxial growth was confirmed by X-ray diffraction. This film showed a metallic behaviour down to 10 K coming from oxygen vacancy induced mobile electrons in the system as reported earlier by Perez-Casero et al. 29 To grow the amorphous film, the deposition was carried out at room temperature under 1 × 10 −4 mbar of oxygen. Two samples of each type were prepared. Both of them showed similar PL results. The room temperature PL spectra of these films are shown in Fig.  3 along with those of the Ar + -irradiated STO crystal. The amorphous film displays a broad featureless luminescence ranging from 350 nm to 950 nm, which is in accordance with the reported photoluminescence of amorphous SrTiO 3 .
30-32 This emission profile clearly does not match with the luminescence of Ar + -irradiated STO. However, the emission behaviour of the oxygen deficient epitaxial film is close to that of the Ar + -irradiated STO, which suggests that the photoluminescence in the later is mainly originating from the oxygen deficient layer.
A unique feature of the present study is the modulation of the PL spectra with an electrostatic gate field as shown in Fig. 4(a) field of -3 kV/cm to +3 kV/cm. The entire sweep of gate field from zero to positive to negative and then back to zero took around ∼2 hours. Over this time scale, the data are reversible. As seen in the figure the broad green peak intensity increases on gating symmetrically without any noticeable change in the peak position. The inset of Fig.  4(a) shows the peak intensity as a function of gate voltage within the range of -150 V to +150 V. The response is unipolar. We did not observe any gate field dependence of the PL spectra at 300 K [see Fig. 4(b) ].
IV. DISCUSSION
The broad spectrum stretching from ∼380 nm to ∼ 850 nm with three distinct peaks suggests that there may be additional specific features which are hidden under the envelope. To better understand the PL spectrum and its origin, we have analyzed the emission collected at 300 K by deconvolution using gaussian line-shapes. Multiple peaks which account for the measured intensity profile are shown in Fig. 5 . Table-I A similar analysis has been done for all the spectra collected in the temperature range of 20 K to 300 K. The cumulative fits are drawn in Fig. 2(a) . The peak positions, their full width at half maximum (FWHM) and intensity derived from the deconvolution procedure are plotted in Fig. 6 as a function of temperature. The intensity of all the peaks increases gradually on lowering the temperature from 300 K to 100 K. This trend accelerates on further decreasing the temperature below ≈100 K. Two different mechanisms appear to be responsible for the luminescence as indicated by the two distinct regions of behaviour well separated at ≈100 K. From 300 K to ≈100 K, the blue and red peaks shift gently towards green with no noticeable shift of the IR and violet peak positions. However, in low-T region (below ≈100 K), the response is remarkably different. At 60 K, the diverse nature of luminescence is no more visible. There is only a broad emission profile peaked at the position of the green line. It seems that all other peaks are merged under this broad and intense luminescence. Moreover, the intensity of this green signal increases sharply on lowering the temperature. In the low T-region, a similar T-dependence has been reported for the greenish lumi- nescence observed in undoped-stoichiometric STO.
19,21
We have also recorded the PL spectra of stoichiometric non-irradiated STO (001) substrate throughout the temperature range of 300 K to 20 K. The results are shown in panel (c) of Fig. 2 . At 20 K, one can see an intense broad emission peaked at 540 nm, whose intensity decreases rapidly as the temperature is raised upto 100 K, and becomes negligibly small at 150 K with no detectable signal beyond 200 K. The PL spectra of nonirradiated STO at 20 K resembles well with that of the irradiated sample [ Fig. 2(a) ] except that the latter shows an extra peak in the vicinity of 390 nm. Moreover, the T-dependence of the green peak intensity of the irradiated sample in low T-region agrees well with that of the non-irradiated STO [panel (a) of Fig. 6 ]. This comparative study suggests that below ≈100 K the luminescence of the non-irradiated part of STO underneath the disordered region created by Ar + -ion irradiation dominates over the emission signal coming from the oxygen deficient layer in the ion affected region. Note that all of the PL properties (peak position, line width and PL intensity) change abruptly below around ≈100 K, the temperature where SrTiO 3 crystal undergoes a structural phase transition from cubic-to-tetragonal.
The multicolored PL seen in these experiments is consistent with the predictions of LDA+U calculations of Cuong et al. 27 on oxygen deficient STO, where they have shown that a single oxygen vacancy can create a shallow level just below (∼0.11 eV) the conduction band minimum of STO. This will lead to emission at ≈390 nm. Incorporation of vacancy-vacancy interactions in the calculation yields oxygen vacancy clusters which induce localized electronic levels ranging in energy from 0.3 eV to 1.14 eV in the forbidden gap with respect to the conduction band edge. Defect clusters can also result from binding of oxygen and strontium vacancies. The accelerated Ar + -ions, while penetrating into the STO lose their energy resulting in an oxygen-deficient layer along with an amorphous layer on the top. 15 We believe that the ion irradiation is creating disorder in the material leading to several different kinds of oxygen-vacancy clusters which induce many in-gap localized states. The recombination of electrons trapped in these levels to the valence band holes can lead to multi-frequency emission at room temperature.
At this point it is worth commenting on why the pristine STO crystal shows an onset of photoluminescence at ∼100 K which becomes quit pronounced around ≃20 K. It is well known that cubic (Pm3m) SrTiO 3 undergoes an antiferrodistortive (O 1 h → D 18 4h ) structural phase transition (AFD-PT) to a tetragonal symmetry (I4/mcm) in the vicinity of 105 K. 33 In the cubic STO, the top of the valence band is located at the R-point in the first Brillouin zone where as the lowest conduction band bottom lies at the Γ-point making this transition indirect. The AFD-PT results in merging of the R and Γ-points of the Brillouin zone of the cubic structure into the Γ-point of tetragonal phase, thereby transforming the lowest in energy, indirect phonon-assisted R → Γ optical transition into the direct Γ → Γ transition. [34] [35] [36] We believe that this opening of the direct gap results in enhanced PL intensity in the pristine STO below 100 K. Now we discuss the possible origin of the increase in PL intensity as seen on applying a gate field. A voltage (positive/negative) on the gate induces onto the sample a charge (negative/positive), which, in the absence of surface states, distributes throughout a space charge region λ either in gap states or in the bands. Using Barbe theory of field effect 37 , the induced space charge (Q sc ) per unit area in the semiconductor can be expressed as
where ǫ is the dielectric constant of the material, ǫ 0 is the permittivity of free space, k is the Boltzmann constant and y s is the dimensionless energy at the surface. However, in the presence of surface states/trapping centers in the material, most of the induced charge falls into these states. The charge (Q ss ) residing in surface states can be written as In our case, the ion irradiation process is likely to create a large number of defects and thus midgap energy states. These states are plausible to be hole as well as electron trap levels forming non-radiative recombination sites which lower the intrinsic PL of STO in the direct band gap state. 38 These positive and negative recombination centers can efficiently be deactivated by the variation of relative position of the Fermi level using negative and positive gate fields respectively [38] [39] [40] [41] . We expect the filling of electron trap states while the gate field is swung positive and the passivation of hole trap states when the gate field is swung negative. Therefore, the gate field regardless of its polarity will ensure the reduction of nonradiative recombination and hence the increase in PL intensity. On the other hand, at 300 K, where the gate field due to low dielectric function is not that effective, it can only partially passivate these centers and hence no significant modulation of PL intensity is seen.
V. CONCLUSIONS
In summary, we have shown that the 550 eV Ar + -ions irradiation induces a multi-color photoluminescence in stoichiometric single crystals of SrTiO 3 (001) at room temperature, where no PL signal is seen in the pristine state. The PL spectra of oxygen deficient and amorphous thin films of SrTiO 3 suggest that this multi-color emission originates from oxygen deficient layers of the irradiated crystal. The luminescence intensity is enhanced further when the ion induced amorphous layer on surface of the STO is removed by etching. On cooling from 300 K to 100 K, the luminescence intensity increases with a noticeable shift of the blue and red peaks toward the middle of the spectrum. The diverse nature of PL disappeared below 80 K with a drastic increase in green luminescence. At 20 K, a modulation of PL spectra was achieved through the passivation of surface states by electrostatic back gating of the STO.
